ABSTRACT This paper addresses the adaptive neural fault-tolerant control (FTC) problem for a class of stochastic switched nonstrict-feedback nonlinear systems, which have actuator faults that incorporate loss of effectiveness, stuck, and outage. Based on the character of the Gaussian function, the problem of nonstrictfeedback form is solved well. In the process of designing the controller, neural networks (NNs) are utilized to estimate the unknown functions. The problem of actuator faults is handled by designing the FTC method that is obtained by introducing a smooth function and backstepping technique. Then, the control effect satisfies that all the signals in the resulting closed-loop system are bounded and the tracking error converges to a small neighborhood around the origin. To illustrate the high efficiency of the proposed control method, a vivid simulation example is given in the end.
I. INTRODUCTION
With more and more diverse and complex systems appearing in the field of engineering, adaptive control has received plenty of attention from scholars and experts because of its prominent performance in dealing with uncertainties. Although [1] - [11] have studied the adaptive control problem for several classes of nonlinear systems, but these results cannot meet the requirement of system performances, such as saturation, constraints, actuator fault, etc. It has to be noticed that faults often occur in the actual control system. In this case, we have to consider how to maintain the stability of the system without changing the control law. As a result, adaptive FTC is generated, which can compensate the impact of the actuator faults [12] - [17] . A case in point is [12] , in which an adaptive design for the FTC of a class interconnected feedback nonlinear systems is considered. The same is true of [17] who considers the adaptive fuzzy decentralized FTC problem for a class of large-scale nonlinear systems in strict-feedback
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form. Nevertheless, how do we dispose of the adaptive FTC problem for the systems in the form of nonstrict-feedback?
As an effective tool for estimating unknown function, with the development of science and technology, NNs or FLS are undoubtedly excellent [18] - [22] . For example, the authors in [21] considers adaptive neural tracking control for stochastic nonlinear strict-feedback systems with unknown input saturation, in which, NNs are applied to estimate unknown function. However, we should attach great importance to the premise condition that the system is in a strict-feedback form or pure-feedback form. Confronted with this case, the variable separation approach has been introduced to extend the adaptive FTC in the form of nonstrict-feedback [22] - [33] . For instance, [23] studies an output-based adaptive FTC problem for nonstrict-feedback nonlinear systems. What calls for special attention is that the variable separation approach requires that bounded functions increase monotonously. So strict the assumption leads that it is hard to achieve in practical engineering. Consequently, nothing is more important than the fact that a method does not need strict prerequisites. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ All above results are obtained for nonswitched systems. However, we cannot ignore switched systems who are common in practice [24] - [27] , such as mechanical systems, robotic systems, switching power converters. Therefore, switched nonlinear systems have received widely attention from various research fields, which incorporate a family of nonlinear subsystems and a logical rule. For instance, [28] considers input-to-state stability for hybrid time-delay systems. [29] considers the exponential stability problem for a class of discrete time-varying delay systems. Besides, the input-to-state stability for a class of networked control systems with random delays and packet dropouts appearing simultaneously in both feedback and forward channels is thoroughly investigated in [30] . The authors in [31] dispose the problem of adaptive neural tracking control for a type of uncertain switched nonlinear system.
Owing to stochastic disturbances pervasively exist in the systems of practical engineering, environmental ecology, social economy, there is no denying the fact that it is necessary to study stochastic systems [32] - [46] . This offers a typical instance of [39] who considers the adaptive control problem for a class of output feedback canonical stochastic nonlinear systems. Furthermore, the controller design for a class of stochastic nonlinear systems with switching is considered in [38] . The discounted infinite horizon optimal control problem for stochastic logical networks is considered in [40] . Besides, [42] shows the problem of decentralized adaptive output-feedback control for more general large-scale stochastic nonlinear systems with uncertainties. As mentioned above, there are few results in the regard of adaptive FTC for stochastic switched nonstrict-feedback nonlinear systems.
Thence, this paper presents an adaptive FTC method for a class of stochastic switched nonstrict-feedback nonlinear systems. In the design algorithm, NNs are utilized to estimate the unknown functions, and then using the character of the Gaussian functions, the problem of nonstrict-feedback form is handled. By proposing an FTC scheme which is obtained via backstepping technique, the problem of actuator faults is dealt with. Finally, the boundedness of all the signals in the resulting closed-loop system is achieved and the tracking error converges to a small neighborhood around the origin. There are several advantages in this paper, in general, they come down to two major ones. (1) Many ways can contribute to solving the problem of nonstrict-feedback form. But the new one that we proposed in this paper may be most convenient and do not need more assumptions. (2) A novel adaptive FTC strategy that we proposed in this paper expands the number of faults, which makes its application more extensive.
Remark 1: Different from the switched nonlinear system without faults [25] - [27] , due to the complex actuator structure, the FTC method in this paper needs to consider more fault information, so we take more considerations into the design process and online fault parameter adjustment. Besides, because of the characteristics of switched system, we need to master more information and prior knowledge in the process of selection of membership function and formulation of rules.
II. PROBLEM STATEMENT
We consider a class of nonstrict-feedback stochastic switched nonlinear systems as follows:
where
is the system input with actuator faults. w is r-dimensional independent standard Wiener process with E{dw(t)} = 0.
The following actuator fault model is considered [51] :
are unknown constants and 0 ≤ t s j,1 ≤ t e j,1 ≤ t s j,2 ≤ t e j,2 ≤ . . . ≤ +∞ andū j,h (t) are unknown bounded stuck faults, which are unknown positive constants satisfying ū j (t) ≤ u j (t).
Three types of faults are listed as follows:
(1) j,h = 0 andū j,h (t) = 0, where 0 ≤ j,h < 1 ≤¯ j,h . This denotes partial loss of effectiveness when t ∈ t s j,h , t e j,h . (2) j,h = 1 andū j,h (t) = 0, where denotes a fault-free case. When t ∈ t e j,h , t s j,h+1 . (3) j,h = 0 andū j,h (t) = 0, where denotes total loss of effectiveness. When t ∈ t s j,h , t e j,h . This paper we consider (1) and (3) . j,hūj,h (t) = 0 signifies the first fault takes place on the jth actuator when t ∈ t s j,h , t e j,h . Definition 1 [21] : For any given V (χ , t) ∈ C 2,1 , related with the stochastic differential dχ = h (χ ) dt + ζ (χ) dw define the differential operator L by the equations as follows:
Assumption 1: The reference signal is y d and its time derivatives up to nth are bounded and continuous. The desired control objective can be achieved by the remaining actuators up to n − 1.
Assumption 2 [49] : The signs of d i k (χ i , t) are unknown, and there are positive functions h i k (χ i ) satisfies 
Remark 2: Assumption 1 is required in many literatures of tracking control problem such as [10] - [12] , since we need to figure out its time derivatives up to nth in the design process. Beyond that, for Assumption 2, external disturbances should be bounded, but in this paper, we relax the general assumption, so that it can be approximated by h i k (χ i ) [21] . Assumption 3 implies that the unknown functions f i k (χ i ) are strictly positive or negative. Further, let us assume that 0
The neural network can be employed to estimate any continuous function f (Z ).
T denotes the basis function vector, which is the Gaussian function in the form
where y is the width of the Gaussian function, x i = x i1 , . . . , x iq T is the center of the receptive field. With sufficiently large node number A, the RBF neural networks can estimate any continuous function f (Z ) over a compact set s ⊂ R q to arbitrary any accuracy ε > 0 as
where W * is the ideal constant weight vector and defined as
and ε (Z ) is the estimation error, and |ε (Z )| ε. Lemma 3 [33] :
. . , S A X p T be the basis function vector of a RBF NN. For any integer q ≥ p > 0, the following inequality is true.
III. MAIN RESULTS
In this section, an adaptive neural fault-tolerant controller will be designed by backstepping technique. z i satisfy the following coordinate transformation:
where α 0 = y d .
Step 1: According to [12] , we have
Choose a stochastic Lyapunov function as:
whereθ 1 = θ 1 −θ 1 is the parameter error and r 1 is a positive design constant. Due to (3) and (6), one gets
By (4), we have
Using Young's inequality, we can obtain
where L 1 , ρ 1 are positive constants. Bring (10), (11) and (12) into (9), one gives
In order to deal with the unknown smooth functions g k 1 , h k 1 , we introduce the NNs W T 1 σ 1 to estimatef k 1 as follows:
where |ε 1 | ≤ε 1 is approximation error. Utilizing Young's inequality and Lemma 4, one has
where (16) into (13), we can obtain
Choose the virtual control signal and the adaption laws as follows:
whereθ 1 is approximation of the unknown constant θ 1 , γ 1 , c n and r 1 are the positive design constants. So, we know
Then, we obtain
Consider the Lyapunov function as follows:
Using (4) and the stochastic differentiation rule, we have
(24) Next, using the stochastic differentiation formula, we get
Consider (4), we get
where L i , ρ i are positive constants. Bring (27) , (29) and (30) into (26), we have
with
Similarity, NNs (W i * k ) T σ i (Z i ) are used to model the unknown smooth functionf k i (Z i ) such that for given any constant
where ε i (Z i ) denotes the approximation error. So, the following result can be given
Put (34) into (31), it gets
Choose the virtual control signal and the adaption law as follows:
whereθ i is approximation of the unknown constant θ i , γ i c i and r i are the positive design constants. So, we know
Step n: Take the stochastic Lyapunov function
This is the final step, the actual control input will be constructed.
Next, using the stochastic differentiation formula, we get
Consider (2), it is true that
Applying Young's inequality again gives
where L n , ρ n are positive constants.
Bring (44), (45) into (43), we have
Similarity, NNs (W n * k ) T σ n (Z n ) are used to model the unknown smooth functionf k n (Z n ) such that for given any constant ε i > 0
where ε n (Z n ) denotes the approximation error. So, the following result can be given
where the unknown constantθ n = (49) into (46), it yields that
whereθ n is approximation of the unknown constant θ n , γ n , a n , c n and r n are the positive design constants and f n k = 1. So,we know
Sinceθ
Rewrite (46) as
n . Theorem 1: Considering the switched closed-loop system (1) with the virtual control input, actual controller, and adaptive law, under Assumptions 1-3, for ∀i = 1, 2, . . . , n, k = 1, 2, . . . , m, assume the unknown nonlinear functions can be estimated by RBF NNs and the estimation error is bounded. Then, all signals of the switched closed-loop system will keep semi-globally bounded and the tracking error converges to a small region around the origin. Moreover, the error signals eventually converge to the compact set s donated by
Proof: First, we define Lyapunov function V = V n , so
j , so (57) can be rewritten as
What is more, from (58), the following inequality holds
which means that
In terms of the standard Lyapunov extension theorem, the error signals z j andθ j eventually converge to the compact set specified in (57).
Remark 3: Based on (56), by magnifying c j and decreasing ρ j , L j , a j ,ε j and adjusting γ j , we can achieve a better tracking performance. Besides, the parameters of the designed controller should be adjusted carefully to the most appropriate value in the practical application.
IV. SIMULATION RESULTS
In this section, to prove the effectiveness of the presented control scheme, consider a class of stochastic nonlinear switched system as follows:
, and the desired trajectory is selected as y d = 0.5(sin t + sin(0.5t)). becomes unstable after the presence of fault. By contrast, it is show that the good nature of the fault-tolerant control method. Anything else, Fig.1-6 show the simulation results of the example. It is clear for us to see the signals in the closedloop systems are SGUUB, and the tracking error converges to a small neighborhood around the origin.
Remark 4: Compared with the control scheme in [51] , the one we presented in this paper expand the scope of its application. Reference [51] is just a case of the proposed scheme in this paper. Besides, for nonstrict form, our method simplifies the computational steps. Not only that, the system in this paper is more complex than the one of [51] .
V. CONCLUSION
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